Methods: Thirty-four unilateral cortical stroke patients were divided into two groups depending on the hemispheric site of the lesion. Means and standard deviations of OTT, PTT, and DUESO were measured on 2 mL and 5 mL of thin liquid swallows from videofluoroscopic swallowing examinations (VFSEs). Statistical comparison was performed by repeated measurements of analysis of variance (ANOVA). Significance level was set at < 0.025.
INTRODUCTION
Swallowing is a process that transports food and liquid from the mouth to the stomach safely without the bolus entering the airway, or residue in the oral cavity and pharynx [1, 2] . The swallowing process is controlled by the central control mechanism, which involves the cerebral cortex and the brainstem. Appropriate neurogenic sensorimotor control and movements of oropharyngeal structures can lead to smooth and safe bolus transition from the lips to the upper esophageal sphincter (UES) [1, 3, 4] . Previous brain-imaging and/or clinical studies indicated that the cerebral cortex contribute to neuromuscular controls of not only voluntary initiation of swallowing, but also reflexive pharyngeal swallowing [5] [6] [7] [8] [9] . The brain-imaging studies have investigated cortical function in the swallowing of healthy adults in terms of two aspects: activated sites on the cortex during swallowing and hemispheric dominance. Researchers identified activations on the various cortical areas during swallowing. The commonly reported areas are the primary sensory/motor cortices, insula, prefrontal region, and Purpose: Bolus transition during swallowing represents neuromuscular coordination between oropharyngeal structures and bolus movement. The purpose of this study was to examine the difference between stroke patients with left and right hemisphere lesion in terms of oral and pharyngeal transitions using oral transit time (OTT), pharyngeal transit time (PTT), and duration of upper esophageal sphincter opening (DUESO) during swallowing.
anterior cingulate [6, 8, 10] .
In regard to hemispheric dominance, Hamdy et al. [11] reported that electromyographic response in the mylohyoid muscle, representing muscle movement in the oral stage, was evoked by both hemispheres symmetrically, whereas electromyographic response in the pharynx and esophagus was evoked by either the left or right hemisphere without a consistent pattern among subjects. On the other hand, Kern et al. [8] identified a pattern in the relationship between the hemispheres and swallowing tasks. For voluntary initiation of swallowing, the primary sensory/motor cortices on the right hemisphere were more activated, whereas for reflexive pharyngeal swallowing, those on the left hemisphere were activated. Although the brain-imaging studies have tried to identify the dominant hemisphere for swallowing, these studies did not investigate the consistent relationship between hemispheric dominance and the bolus transition related to swallowing stages.
The relationship between the hemispheric site of the lesion and swallowing problems in each stage has been investigated in clinical research on stroke patients. Robbins et al. [9] reported that the left hemisphere stroke patients were characterized by difficulties in the oral stage, whereas the right hemisphere stroke patients showed more swallowing difficulties in the pharyngeal stage. Some clinical studies reported that there was no significant relationship between the hemispheric site of the lesion and swallowing problems in each stage [4, 5, [12] [13] [14] . Although some studies identified the relationship between the hemispheric site of the lesion and swallowing stage problems, there was no consistent pattern among studies. Therefore, more research is needed to identify whether each hemisphere specifically involves the oral stage, the pharyngeal stage, or both.
Temporal measurements using videofluoroscopic swallowing examination (VFSE) are useful to understand swallowing physiology [3, 15] . With bolus transit times, clinicians can examine how oropharyngeal structures, such as the tongue, hyoid, larynx, pharynx, and UES, coordinate bolus movement. Previous studies have shown that the oral and pharyngeal transition of the bolus represents the integrity of physiological events in each stage [1, 3, 4] . In the oral stage, a bolus is formed and propelled into the pharynx by adequate coordination and pressure of the tongue. When the bolus reaches the anterior faucial pillars, or when the bolus passes the ramus of the mandible in a VFSE, the pharyngeal stage is triggered reflexively [3, 4] . The pharyngeal stage includes safe bolus transition without the bolus entering the nasopharynx or the airway, and without residue in the pharynx. This safe transition requires sufficient and timely hyolaryngeal excursion, pharyngeal peristalsis, and UES opening [3, 4] . The bolus transition in each swallowing stage is accomplished through the sequential physiological events during normal swallowing. However, impaired sensorimotor function of oropharyngeal structures results in prolonged oral transit time (OTT) and pharyngeal transit time (PTT) or in decreased duration of UES opening (DUESO) [3, [16] [17] [18] [19] .
This study aimed to examine the difference between left hemisphere stroke (LHS) and right hemisphere stroke (RHS) patients regarding to oral and pharyngeal transitions. Bolus transition in each swallowing stage can be explained by three temporal measurements (e.g., OTT, PTT, and DUESO). Also, comparing quantitative data between LHS and RHS patients can provide the relationship between bolus transition in each stage and the hemispheric site of the lesion. The findings of this study would be helpful for clinicians to evaluate and treat unilateral stroke patients with swallowing disorders.
METHODS

Subjects
Videofluoroscopic swallowing examinations (VFSEs) data were collected at Seoul National University Medical Center, Seoul, Korea. There were 50 unilateral stroke patients who were referred for a VFSE from January, 2010 to July, 2014. Among these patients, 34 patients were selected from the following inclusion criteria: (1) no previous history of a stroke, (2) a completed swallowing examination, and (3) confirmed site of lesion using Computerized Tomography (CT) scans and/or Magnetic Resonance Imaging (MRI). Thirty-four patients in this investigation had middle cerebral artery (MCA) infarction. The patients were ranged in age from 41 to 91 years with a mean age of 69.53 years (SD = 10.89). They were divided into two groups according to the hemispheric site of the lesion. Sixteen patients (11 men and 6 women) had LHS and 18 patients (13 men and 6 women) had RHS. The Ohio University Institutional Review Board (IRB) approved this study.
VFSE Procedure
VFSEs data were collected on stroke patients. Each subject was seated upright in a wheelchair or stretcher chair for the examination. The fluoroscopic tube was focused in the lateral plane on the oral cavity (the lips anteriorly to the pharyngeal wall posteriorly) and the nasopharynx (superiorly) to below the UES area (inferiorly). Each subject swallowed two 2 mL boluses and two 5 mL boluses of thin liquid. The thin liquid was a mixture of water and barium sulfate powder (35% w/v). Each subject was instructed by the clinician to swallow after putting the liquid in his/her mouth by spoon.
Frame-by-frame images (30 frames per secord) were acquired to digitize imaging files using a computer-based image processing system equipped with a digital computer frame grabber board (Pegasus HD/SD Board, Grass Valley Inc., Honorine, France) and image processing software (EDIUS 4.5, Grass Valley Inc.). The X-ray voltage was set at a 40-kV peak, which allowed the soft tissue of the pharyngeal structure to be visualized. VFSEs for stroke patients were adjusted, if aspiration appeared to place them at risk.
Procedures for temporal measurements of bolus transit times
This study focused on the three bolus transit times from the oral cavity to the upper esophageal sphincter: OTT, PTT, and DUESO. A total of 125 swallows were analyzed. VFSE clips were randomly mixed before analysis to avoid bias relevant to the site of the stroke lesion. To analyze the timing of swallowing events accurately, the investigators used slow motion frame-by-frame analysis by using Premiere Pro CS5.5 with a 100 millisecond video timer. OTT was measured in seconds from when the bolus head moves posteriorly to when the head of the bolus passed the ramus of the mandible [17, 18] . PTT was measured in seconds from the bolus head arriving at the ramus of the mandible to the tail of bolus passing the UES [9] . Lastly, DUESO was measured in seconds from the initiation of the UES opening to the closure of the UES [9] . The reference points were used to calculate three measurements: (1) the initiation of posterior movement of the bolus head, (2) the bolus head passing the ramus of the mandible, (3) the tail of the bolus passing the UES, (4) the initiation opening of the UES, and (5) the closure of the UES. The OTT, PTT, and DUESO were calculated using these formulas: OTT = (2)-(1), PTT = (3)-(2), and DUESO = (5)-(4).
Statistical analysis
Repeated measurements of analysis of variance were performed to determine group and volume effects. Statistical analysis used bolus volume as within-subject variable and group of the site of the lesion as between-subject variable. Wilks Lamda was used to determine the significance for the temporal measurements. Significance level was set as p < 0.025.
RESULTS
Reliability
Both intrajudge and interjudge reliability were compared by using the Pearson correlation coefficient. The significant level was set as p < 0.025. For intrajudge reliability, the first judge reanalyzed selected 20% of subject's VFSE clips (eight subjects). Significant correlations between the first and second measurements were observed (r = Table 1 shows mean time (in seconds) and the standard deviations of the OTTs of the two groups for 2 mL and 5 mL of thin liquids. In the OTTs, there was no significant difference between the LHS patients and RHS patients (p =0.45). However, there was a significant volume difference in the OTTs (Figure 1 ). The OTTs with 2 mL swallow was a 0.39 seconds longer oral transition of the bolus than those with the 5 mL swallow (F(1, 48) = 8.78, p <0.01). There was no interaction between hemispheric site of the lesion and bolus volume in the OTTs (p =0.34). Table 2 shows means and standard deviations of the PTTs of the two groups for two volumes. In the PTTs, there was no significant difference between two groups (p = 0.20). In addition, there was no significant volume difference (p = 0.03) and interaction between hemispheric site of the lesion and bolus volume (p = 0.04) (Figure 2 ). Table 3 shows means and standard deviations of the DUESOs of the two groups for two volumes. There was no significant difference between the LHS and RHS patients in DUESOs (p = 0.63). In volume difference of the DUESOs, a significant difference was observed. The DUESOs with the 5 mL swallow was longer than those with 2 mL swallows (F(1, 52) = 75.63, p < 0.01). There was no interaction between hemispheric site of the lesion and bolus volume in DUESOs (Figure 3) .
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DISCUSSION
This study investigated the difference between LHS and RHS patients with regard to oral and pharyngeal transitions using OTT, PTT, and DUESO. In three bolus transit times, there was no significant difference between two groups. In addition, a significant volume difference in OTT and DUESO was observed.
A relationship between hemispheric dominance and bolus transit times with the 2 mL and 5 mL liquid swallows was not significant in this study. These findings indicate that there is no hemispheric difference in the oropharyngeal transition of the bolus in unilateral stroke patients. The results for OTT in this study seem to be consistent with previous studies. Daniels et al. [5] reported that unilateral stroke patients, regardless of the hemispheric site of the lesion, presented with swallow- [4] identified reduced lingual control in both LHS and RHS patients. Also, they reported that the site of the lesion did not seem to predict specific swallowing events in either the oral and pharyngeal stage. In addition, the results for OTT may be described by the results of cerebral cortical representation during swallowing. The several lesions, including the primary sensory/motor cortices, insular, and prefrontal cortex are involved in voluntary oral swallowing [6] [7] [8] . Thus, a cortical stroke, regardless of the lesion side, may or may not cause swallowing problems in the oral stage. According to Kim et al. [20] , brain infarction in the territory supplied by the middle cerebral artery can cause damage to different anatomical structures. The unilateral stroke patients in this study had the mixed hemispheric cortical lesions in each hemisphere. In addition, oral transit time of the bolus varied to each subject. For example, three LHS patients in this study showed relatively longer OTT and 2 patients in RHS. Therefore, it is necessary to investigate the relation of specific cortical site of lesion with other physiological indicator in the oral stage of swallowing.
In the PTTs, there was also no significant difference between the two groups. The results can provide support for the results in previous studies. Johnson et al. [14] examined pharyngeal transit time in 40 stroke patients compared with 16 healthy subjects. The authors reported that there was no significant difference in pharyngeal transit time between LHS and RHS lesions. Veis & Logemann [4] identified a delayed swallowing reflex and reduced pharyngeal peristalsis in stroke patients regardless of the lesion side.
In this study, although the result was not significant, the LHS patients tended to have longer PTTs of 2 mL thin liquids than of a 5 mL bolus in LHS and both 2 mL and 5 mL bolus in the RHS. That is, the LHS patients have longer pharyngeal transition of a 2 mL liquid bolus LHS patients showed difficulty to transfer the small size of the bolus in pharyngeal cavity. Small size of the bolus during pharyngeal swallowing may be required to have more effort to swallow. But LHS patients cannot manage the small size bolus effectively during pharyngeal swallowing compared to RHS patients. It is necessary to investigate the relationship between bolus size and site of lesion in stroke patients. In addition, it may be related to the distinctiveness of swallowing in stroke patients. Although subjects tended to have a dominant hemisphere for swallowing, the site of hemisphere with greater activation various across swallowing tasks within individuals [6, 10, 11] . In addition, Martin et al. [10] suggested that the functional lateralization of swallowing may be associated with the behavioral context for the task in which the swallowing occurs, such as a naïve saliva swallow, a voluntary saliva swallow, and a water swallow. Thus, it is essential to examine the task-specific swallowing pattern based on physiological events to understand swallowing in stroke patients.
Previous studies reported that the RHS patients showed swallowing problems in the pharyngeal stage (e.g., delayed swallowing and more residue in the pharynx) that had a high risk of aspiration or a relatively frequent occurrence of aspiration [5, 9, 22] . In this study, the occurrence of aspiration was one LHS patient and four RHS patients. Only one aspirating RHS patient (patient number 34) had a longer PTT. However, the rest of the aspirating group members did not show relatively prolonged bolus transit times as compared with a LHS patient. Thus, although more number of RHS patients showed aspiration, there was no demonstrated difference in pharyngeal bolus transit time between LHS and RHS patients.
In the DUESOs, there was no significant difference in DUESO between LHS and RHS patients. This result is consistent with those of Robbins's study [9] . Hamdy et al. [11] identified that the electromyographic response in the pharynx and esophagus was lateralized to either the left or right hemisphere without a consistent pattern among subjects. In this study, one patient in each LHS and RHS patient group had a relatively shorter DUESO than other patients and one LHS and two RHS patients had longer DUESOs than others. Therefore, the site of the lesion may not affect the transition of bolus in the UES zone.
Bolus volume differences for OTT and DUESO were observed in the present study. With increased bolus volume, OTT decreased and DUESO increased significantly. The finding of a volume difference provides support for the studies of previous research [17, 23] . Rademaker et al. [23] identified that, as the bolus volume increased from 1 mL to 10 mL, bolus transit times (e.g., OTT, PTT) decreased in healthy subjects. Tracy et al. [19] reported decreased OTT with increased volume through a VFSE in healthy subjects. These previous studies demonstrated that a larger volume was easier to transfer from the oral cavity to pharynx and esophagus. It is related to the notion that a small bolus with reduced sensory input requires more effort to swallow than a large bolus. Bisch et al. [24] reported that stroke patients with reduced sensory aware-ness had difficulty in passing a 1-2 mL small bolus from the mouth and into the pharynx. Thus, it is necessary to investigate strategies to enhance sensory input to trigger swallowing.
Increased DUESO with increased volume is not surprising. Previous studies reported that UES opening occurred earlier and was sustained longer in accordance with increased bolus volume [25, 26] . Also, Kim et al. [27] reported that larger bolus (10 mL) with wider maximum width of UES opening than smaller bolus (5 mL). The results of this study found significant volume differences in each bolus transit time in unilateral stroke patients. Therefore, clinicians should pay attention to whether unilateral stroke patients can manipulate oropharyngeal structures depending on bolus volume.
Based on the findings of this study, unilateral cortical stroke patients may have various swallowing problems throughout the entire swallowing process regardless of the side of the lesion. The patients with prolonged bolus transit times in this study showed also swallowing apraxia, premature spillage, delayed pharyngeal swallowing, and/or residue in oropharyngeal structures. These physiological disorders in unilateral stroke patients may be related to the occurrence of aspiration. In this study, one LHS and four RHS patients had aspiration. Thus, it is important to develop adequate intervention plan for each physiological disorders of swallowing.
This study showed that a stroke causes a sensory impairment and insufficient strength of the oropharyngeal structures, thereby resulting in longer transit time of the bolus. In addition, some stroke patients in this study showed impaired bolus formation resulting from incoordination of the tongue. These patients took a long time to transfer the bolus in the oral stage. For the patients who showed longer transit times with 2 mL swallows in this study, a larger volume may help them improve sensation in the oropharynx. Therefore, it is essential for clinicians to examine physiological disorders of each patient regardless of hemispheric lateralization.
This study has several limitations. A small number of unilateral stroke patients participated. As previous VFSE data were used, some data were missing. Thus, the significant findings of this study should be interpreted carefully. The bolus volume differences in the bolus transit times were observed between 2 mL and 5 mL of thin liquid. Future studies should examine a relationship between bolus transit times and hemispheric dominance with various bolus volumes and/or consistencies. In addition, a number of unilateral stroke patients in this study showed delayed pharyngeal swallowing. Thus, further study is needed to identify a relationship between delayed pharyngeal swallowing and the hemispheric site of the unilateral stroke lesion by measuring parameters indicating delayed pharyngeal swallowing.
